Abstract The diagnosis of renal artery stenosis (RAS) has become increasingly common in part due to greater awareness of ischemic renal disease and increased use of diagnostic techniques. Over 90 % of RAS cases are caused by atherosclerotic renovascular disease (ARVD). Patients with ARVD are at high risk for fatal and nonfatal cardiovascular and renal events. The mortality rate in patients with ARVD is high, especially with other cardiovascular or renal comorbidities. Recent clinical studies have provided substantial evidence concerning medical therapy and endovascular interventional therapeutic approaches for ARVD. Despite previous randomized clinical trials, the optimal therapy for ARVD remained uncertain until the results of the Cardiovascular Outcomes in Renal Atherosclerotic Lesions (CORAL) trial were released recently. CORAL demonstrated that optimal medical therapy was equally effective to endovascular therapy in the treatment of ARVD. Clinicians can now practice with more evidencebased medicine to treat ARVD and potentially decrease mortality in patients with ARVD using optimal medical therapy.
Introduction
The diagnosis of renal artery stenosis (RAS) has become increasingly common. This is in part due to the increased awareness of ischemic renal disease among clinicians as well as the increasing use of noninvasive diagnostic imaging techniques such as magnetic resonance angiography, computed tomography (CT) angiography, and duplex sonography [1••, 2•]. Over 90 % of RAS cases are caused by atherosclerotic renovascular disease (ARVD). ARVD was found in about 7 % of the general population older than 65 years of age when a liberal duplex velocity threshold of 1.8 m/s was used during community screening [3, 4] . The prevalence of ARVD in patients with comorbidities is even higher [5] , reaching 20 % in patients with hypertension and diabetes, 25.3 % in patients with peripheral vascular disease, and 54.1 % in patients with congestive heart failure. In aggregate, these studies suggest that ARVD is common in the elderly. In this review, endovascular interventional therapy and optimal medical therapy for ARVD will be reviewed using evidence from recent clinical studies.
RAS Is Associated with High Rates of Adverse Cardiovascular and Renal Events
Appropriate management of ARVD is important because people with ARVD are at high risk for fatal and nonfatal cardiovascular and renal events. Johansson and colleagues found that the risk ratio (vs. age-matched controls) was 3.3 for overall mortality and 5.7 for cardiovascular mortality in a cohort of patients with RAS lesions exceeding 50 % [6] . In a Medicare analysis, Kalra and coworkers found the annual mortality rate in patients with ARVD to be 16.3 %, which was three times higher than that observed in patients without ARVD [7] . In this regard, Dorros and colleagues identified a strong relationship between chronic kidney disease and mortality in patients undergoing stent revascularization [8] . Similarly, Kennedy et al. reported a high rate of fatal and nonfatal events that was strongly related to the severity of chronic kidney disease in those who were treated with stent revascularization [9] .
Patients with ARVD are 6 to 28 times more likely to die of a cardiovascular event than to develop end-stage renal disease (ESRD) [1••, 10] . The number of individuals who progress to ESRD is historically difficult to measure accurately; however, failure to detect RAS is likely in patients diagnosed with ESRD and underlying causality may be attributed to hypertensive nephrosclerosis. In a review of patients starting renal replacement therapy, Fatica et al. found that the prevalence of renovascular disease ranged from 1.4 to 2.1 % [11] . Scoble et al. prospectively performed renal arteriography in all new patients with ESRD during an 18-month period and determined RAS to be the cause of ESRD in 6 % of the cohort and in 14 % of the subset older than 50 [12] . Appel and coworkers suggest that renovascular disease accounts for 11 % of all patients with ESRD older than 50 years of age and 20 % of ESRD cases among whites older than 50 [13] . Additionally, Guo et al. found that ARVD patients on dialysis have an annual mortality rate of 36 % [14] . These data indicate that ARVD leads to ESRD more often than generally appreciated by clinicians and that it is associated with a heightened risk of mortality in those with and without ESRD.
Medical Therapy for Atherosclerotic Renovascular Disease
The ultimate goal of ARVD treatment is the reduction of mortality (mainly cardiovascular and renal mortality) and morbidity (adverse cardiovascular and renal events) and prevention of complications. Medical therapy is the cornerstone of care for patients with ARVD. There is, unfortunately, little comparative data between different regimens of medical therapy. Clearly, anti-atherosclerotic therapies are indicated, such as lipid-lowering, antiplatelet, hypoglycemic, and antihypertensive medications. Lifestyle modification is also important such as smoking cessation, exercise, and weight reduction. Smoking is not only a cardiovascular risk factor but also a risk factor for chronic kidney disease (CKD) and increases the risk of nephropathy progression [15] . All patients with cardiovascular disease or cardiovascular disease equivalents are highrisk patients for adverse cardiovascular events. Importantly, with optimal medical treatment of ARVD, the mortality rate may be decreased, at least in the setting of cohorts selected for participation in clinical trials, as shown by the Angioplasty and Stenting for Renal Artery Lesions (ASTRAL) trial (average annual mortality rate of 8 %) [16] and the more recent CORAL trial (average annual mortality rate of 4 %) [1••] .
Blood Pressure Control
Optimal blood pressure (BP) in the setting of ARVD is not known, as there is insufficient evidence to set a specific target for patients with this condition. Since ARVD is considered a coronary artery disease equivalent [17••] , imparting a high risk of cardiovascular disease and related mortality, it is reasonable to keep well-controlled blood pressure in these patients [18••] . The BP goal according to the 2014 guidelines for hypertensive patients with CKD with or without diabetes is less than 140/90 mmHg [19•] . However, the most recent CORAL trial established a goal of ≤140/80 in patients without diabetes or CKD and ≤130/80 mmHg in those with these comorbidities, which was consistent with clinical care guidelines at the time when the study was conducted. Some have hypothesized that patients with severe RAS might require higher blood pressures to maintain adequate blood flow across a stenosis; however, very low rates of progression to ESRD in medically managed patients in CORAL and other studies with medically managed study groups have been argued against pursuing such a strategy. Angiotensin-converting enzyme inhibitor (ACEI) or angiotensin II receptor blocker (ARB), calcium channel blockers, and beta-blockers are all reasonable options for hypertension therapy in ARVD, with the caveats detailed for ACEI/ARB treatment below [18••, 20] .
ACEI/ARB in Treatment of ARVD
Functionally significant RAS leads to the activation of the renin-angiotensin-aldosterone axis. Interruption of angiotensin-dependent efferent arteriolar vasoconstriction may cause reductions in glomerular pressure and result in hemodynamically mediated acute renal failure [21] . Decreases in renal blood flow in animal models of RAS can be blunted by angiotensin receptor blockers, suggesting that angiotensin II plays a role in renal ischemia [22] . However, it has been suggested that ACEI and ARBs may accentuate renal atrophy that occurs in the two-kidney-one-clip model used experimentally to achieve the effects of RAS, independent of the effects of lowering systemic blood pressure [23, 24] . Recently, large observational studies by Hackam et al., Chrysochou et al., and Losito et al. [25, 26••, 27] have shown the potential benefits of ACEI/ARB in reducing mortality and morbidity in patients with ARVD. Hackam et al. followed a populationbased cohort comprising 3570 patients with ARVD for 2.0 years (SD 2.1) in Canada [25] . In this study, treatment with ACEI/ARB was associated with lower cardiovascular event rates (10 vs. 13 %) and need for dialysis (1.5 vs. 2.5 %) at the expense of an increased risk of acute kidney injury hospitalizations (1.2 vs. 0.6 %). Acute renal failure was significantly more common in patients with diabetes and chronic kidney failure or on loop diuretics [25] .
In another prospective observational study of ARVD subjects conducted by Chrysochou and colleagues, the mortality rate was significantly lower [hazard ratio (HR) 0.61; 95 % confidence interval (CI) 0.40-0.91; p=0.02] with ACEI/ARB treatment [26••] . In this study, 92 % of patients (357 of 378) tolerated ACEI/ARB, including 78.3 % (54/69) of patients with bilateral renal artery stenosis, which was greater than 60 % or entailed total occlusion, and 4 cases with RAS in a solitary kidney. For patients who were intolerant to ACEI/ARB before or after enrollment and underwent percutaneous renal revascularization, all but one became tolerant to ACEI/ARB, with the only failure due to an allergic rash. In 71 of these 74 patients who were intolerant to ACEI/ARB, the intolerance was documented to be deterioration of renal function. In this study, there was only one case with irreversible elevation of creatinine associated with ACEI/ARB use. A review of 12 randomized controlled trials of ACEI/ARB use concluded that increases in creatinine >30 % should be the cutoff for discontinuation of treatment; however, this was not specific to patients with ARVD [28] . In most cases, increases in serum creatinine usually return to baseline levels upon cessation of ACEI/ARB use in patients with ARVD [26••, 29] .
In summary, ACEI/ARB treatment in observational studies is associated with a significant mortality and morbidity benefit in patients with ARVD; however, it is also associated with a slightly elevated risk of acute renal failure. The usage of ACEI/ARB should be considered for all patients with ARVD [26••] , although monitoring of renal function and electrolytes should be undertaken when these drugs are started. Patients with diabetes and chronic kidney failure or on loop diuretics need to be closely monitored for kidney function due to the elevated risk of acute renal failure.
Statins
In patients with ARVD, treatment with 3-hydroxy-3-methylglutaryl-coenzyme (HMG-CoA) reductase inhibitors may particularly improve clinical outcomes by reducing mortality and morbidity. Statins are the mainstay of treatment for all atherosclerotic vascular disease [30•, 31] . According to 2014 guidelines on cholesterol management, four major groups were identified as benefiting from statin therapy, in whom the atherosclerotic cardiovascular disease (ASCVD) risk reduction clearly outweighs the risk of adverse events: (1) Statins are the cornerstone of treatment for reducing cardiovascular events and mortality in patients with CKD not requiring dialysis [31, 33] . While the data for this are largely observational, they are consistent with randomized trials of statins for other atherosclerotic disorders. What has been observed in the patients with ARVD is improved survival and lessened lesion progression [34] [35] [36] [37] [38] . It has also been suggested that statins may reduce the occurrence of restenosis after stent revascularization [36] . Statins may reduce cardiovascular events in kidney transplant recipients [39] . The statin has not be proven to be beneficial in patients on dialysis, as shown by the studies of the German Diabetes and Dialysis Study (4D) [40] and A Study to Evaluate the Use of Rosuvastatin in Subjects on Regular Hemodialysis: An Assessment of Survival and Cardiovascular Events (AURORA) [41] .
Antiplatelet Therapy
Few data on the utility of platelet-inhibiting therapies in patients with ARVD exist. In high-risk patients with coronary artery disease equivalent, the benefit of aspirin in reducing risk of myocardial infarction is believed to outweigh uncommon bleeding complications. Because ARVD is associated with generalized atherosclerosis and considered as coronary artery disease equivalent, antiplatelet therapy is integral to managing ARVD [17••, 42] . Patrono and colleagues illustrated that aspirin reduced serious vascular event rates by 22 per 1000 high-risk patients, including those with peripheral arterial disease, stable angina, and atrial fibrillation [43] . Interestingly, Kanjwal et al. revealed that, in a prospective study of embolic protection, a surprisingly high rate of platelet-rich thrombi were recovered during renal artery stenting [44] . In a follow-up study, Cooper et al. observed that a platelet glycoprotein IIb/IIIa inhibitor, abciximab, was associated with better renal function 1 month after the procedure [45] . Antiplatelet therapy is important in optimal medical therapy of ARVD and is used for all patients with ARVD.
Diabetes Management
Atherosclerosis is accelerated in both types 1 and 2 diabetes [46] . Some controversy exists over the effects of blood glucose control in diabetics overall. The Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation (ADVANCE) randomized clinical trial showed that strict glucose control (hemoglobin A1C ≤6.5 %) reduced nephropathy by 21 %, although it had no effect on all-cause or cardiovascular mortality and macrovascular events (myocardial infarction and stroke) [47] . It was believed by some investigators that the hypoglycemia and weight gain associated with strict glucose control may neutralize the benefits of strict glucose control [48•] . In another trial, Gaede et al. found that intensive intervention and behavioral modification in type 2 diabetes and persistent microalbuminuria resulted in a sustained all-cause and cardiovascular mortality benefit [49] . Recent findings from the 10-year follow-up of UK Prospective Diabetes Study (UKPDS) trial showed that intensively treated groups had a significant reduction in cardiovascular events with prolonged follow-up [50] . Diabetic patients with peripheral arterial disease should have a glucose level controlled with their glycosylated hemoglobin to ≤7.0 % [51•], and we recommend the same target for most patients with ARVD. However, a more liberalized goal for HbA1C target may be appropriate [52] for elderly patients (e.g., age > 60 years old) with longstanding established diabetes (e.g., duration 8-11 years) and either known CVD or multiple risk factors or patients with risk of hypoglycemia. The liberal goal for this subgroup of patients largely results from the findings of three recent clinical trials, i.e., the Action to Control Cardiovascular Risk in Diabetes (ACCORD) [53] , ADVANCE [54] , and the Veterans Affairs Diabetes Trial (VADT) [55] . In the three trials, it was found that the intensive glycemic control (HbA1C <6.5 to 6.9) did not show significant benefit over standard glycemic control (HbA1C 7.0 to 8.5) in elderly patients (e.g., age>60 years old) with long-standing established diabetes (e.g., duration 8-11 years) and either known CVD or multiple risk factors or patients with risk of hypoglycemia. In the ACCORD trial [53] , the intensive glycemic control group showed more mortality.
Revascularization and Endovascular Therapy

Surgery
There is a long history of surgical revascularization for patients with RAS. Novick et al. [56] reported on a modest number of subjects and demonstrated an improvement in approximately two thirds of patients during a short followup period. The utility of this observation, like many surgical series, is modest; since there was no concurrent control group, randomization was not performed, and the number of individuals was limited. In consequence, it is often difficult to determine the absolute or relative advantage of this approach and to what degree patient selection accounts for the outcomes of these studies. Dean et al. have reported some of the best surgical results indicating that patients with bilateral occlusive disease and moderate azotemia or a serum creatinine above 3.0 mg/dL had the greatest apparent benefit from surgical revascularization [57] . Overall, however, a significant association between the degree of stenosis and the benefit of revascularization has yet to be established.
The risk of vascular surgery in elderly patients with widespread atherosclerosis is a major concern. Safian and Textor report that the major complication rate is 8 to 11 % and that the mortality rate is 2 to 8 % [58] . The attendant risks have been highlighted in a recent review of a large and contemporary US hospital discharge database by Modrall et al., demonstrating 10 % in-hospital mortality [59] . In a follow-up study by Modrall and colleagues, which sought to determine the effects of hospital volume on outcome, only a marginal effect was seen: High-risk patients did no better or worse at high-volume centers, whereas low-risk patients apparently benefited from treatment in a high-volume center [60] . Overall, these data suggest that elderly patients with cardiovascular comorbidities should be considered as a group at high risk for mortality during surgical revascularization. Even when revascularization is deemed appropriate in some cases, angioplasty and stenting are preferred over surgery.
Angioplasty
Percutaneous transluminal renal angioplasty (PTRA) is a less invasive approach compared to surgical revascularization. The use of PTRA has largely been relegated to treatment of fibromuscular dysplasia and supplanted by stenting for the treatment of atherosclerotic renal stenosis. There is only one head-to-head comparison of angioplasty and surgical revascularization. In 1993, Weibull et al. [61] demonstrated a relative equivalence between PTRA and surgical revascularization for the primary outcomes of primary renal artery patency, kidney function, and blood pressure control, after both approaches were directly compared in a cohort of 58 patients with unilateral RAS. Improved or stable renal function was seen in 83 % after PTRA and 72 % after surgery [61] .
Much of the literature concentrating on renal angioplasty intervention is targeted primarily at the treatment of hypertension. Typical rates of major complications have been reported to be between 3 and 15 % [62, 63] and may include bleeding at the puncture site, pseudoaneurysm of the femoral artery, rupture or thrombosis of the renal artery, dissection of the renal artery or access artery, cholesterol emboli syndrome, and contrast nephropathy.
In 2000, van Jaarsveld et al. [64] published the results of the Dutch Renal Artery Stenosis Intervention Cooperative (DRASTIC) study, the largest randomized controlled trial to address the use of renal artery angioplasty without stenting. In this study, 106 patients with hypertension who had ARVD were randomly assigned to undergo renal angioplasty (n=56) or medical therapy (n=50). RAS was defined as at least 50 % stenosis of the renal artery, and patients with a solitary kidney were excluded. Twenty-one percent of the subjects had less than 70 % stenosis, and only 23 % had bilateral RAS. Nine percent of the medical group progressed to occlusion. Creatinine clearance was better in the PTRA group at 3 months (70 vs. 59 ml/min; p=0.03), but the same at 12 months (70 vs. 62 ml/min; p=0.11), and no significant difference was seen in blood pressure control between the two groups at either time point. The liberal use of rescue revascularization (crossover) may have reduced the significance of any treatment advantage in the intention-to-treat analysis. A meta-analysis of the randomized trials of renal angioplasty demonstrated that balloon angioplasty has a modest effect on blood pressure but has no effect on renal function [65] . Thus, balloon angioplasty is not as effective as the stent treatment strategy.
Stenting
Endovascularly deployed stents appear to provide a better rate of restenosis-free long-term patency than angioplasty alone [66] while remaining to be less invasive and more appealing than surgery. This is especially true for ostial stenoses, which constitute the majority of atherosclerotic stenoses. Stenting achieves higher initial technical success rates, improved immediate patency, and lower restenosis rates in comparison to balloon angioplasty alone [66] . Technical problems with stent placement include malpositioning, main renal artery rupture, distal arterial wire perforation, dissection, or branch vessel occlusion. Stents that are coated with antiproliferative medications (such as sirolimus, everolimus, or paclitaxel) have shown success in reducing restenosis rates in coronary arteries [67] [68] [69] . However, there has been only one study of a drugcoated renal artery stent, the sirolimus-eluting Genesis stent, which failed to meet its pre-specified performance metrics, after which work on this platform was abandoned [70] . There are limited data suggesting that drug-eluting coronary stents may have some utility for the treatment of in-stent restenosis, but the data remain to be mixed [71, 72] .
Multiple single-center cohort studies on renal artery stenting have been published. In 2000, Leertouwer et al. published a meta-analysis of 14 studies of stenting in 678 patients as compared with 10 studies of PTRA in 644 patients [73] . They found that the restenosis rate at 6 to 29 months was 17 % after stenting and 26 % after PTRA. After stenting, renal function improved in 30 %, stabilized in 38 %, and worsened in 32 %; the improvement rate was greater after PTRA (38 %, p=0.001). Multiple observational studies have documented an early decline in blood pressure after stenting and a decrease in the number of required medicines to treat hypertension [74] .
These early studies did show the benefit of the transition from an invasive surgical approach to angioplasty and then to stenting with regard to patency and restenosis concerns, but these early studies failed to provide solid evidence about mortality and morbidity benefits of these interventional approaches. Critiques mostly focused on the studies not being randomized controlled trials, having low power, and achieving poor patient enrollment, among others.
Stenting in Specific Populations
Several studies suggest that stenting may improve kidney function in patients with stenoses affecting all of the kidney parenchyma. A study by Watson et al. focused on patients with progressive, but not severe, chronic renal insufficiency and with global high-grade stenosis [75] . Renal artery stenting was performed in 33 patients who displayed a serum creatinine more than 1.5 mg/dl (mean, 2.1 mg/dl) and found an improvement in the rate of loss of GFR. Another study found favorable responses to revascularization for patients with ARVD and rapidly declining kidney function [76] . Although the findings of these studies support the idea of using stenting to treat ischemic nephropathy, the lack of medically managed control groups and randomization to limit confounding limits the validity of these conclusions.
In a single-center observational study, in patients with ARVD presenting with flash pulmonary edema, as compared to medical therapy, revascularization reduced mortality (HR 0.4; 95 % CI 0.2-0.9; p=0.01) but did not affect cardiovascular event or ESRD rates [77••] . It seems that in high-risk subgroups of patients with ARVD presenting with flash pulmonary edema or rapidly declining kidney function, revascularization may be favored over medical therapy alone.
There have been efforts in developing predictors that can identify subgroups of patients who will benefit from revascularization. High ratios of renal parenchymal volume (assessed by MRI) to single-kidney GFR were reported to be an indicator of improvement in GFR after revascularization in a study of 50 patients [78] . High blood oxygen level-dependent (BOLD) MRI signal to single-kidney isotopic GFR has been shown to be a predictor for improvement of renal function after revascularization in one clinical study of 28 patients [79•]. Pre-intervention brain natriuretic peptide (BNP) levels of >80 pg/ml were reported to be predictive of a response to revascularization in a study of 27 patients [80] . On the other hand, a renal resistance index of more than 80 by duplex Doppler ultrasound was reported to be an indicator of unresponsivess to revascularization [62] . These measures seem to be promising predictors of revascularization success, but more data are needed for confirmation before general utilization can be recommended.
Randomized Controlled Trials
More recently, three randomized trials have been completed that directly compared medical therapy alone against medical therapy with stenting, namely the trial of stent placement and blood pressure and lipid lowering for the prevention of progression of renal dysfunction caused by Atherosclerotic Ostial Stenosis of the Renal artery (STAR), ASTRAL, and CORAL trials [1••, 16, 81] . The STAR trial [81] was a randomized trial that tested whether stenting could reduce by 50 % the proportion of patients that experienced a 20 % decline in GFR. Unfortunately, 28 % of the patients who were enrolled in the stent arm had no significant renal artery stenosis and were not treated. Not surprisingly, with a substantial false positive rate during enrollment, in addition to being underpowered, the study authors concluded that "confidence bounds are compatible with both efficacy and harm, so the finding is inconclusive."
The ASTRAL trial [16] , published in late 2009, enrolled 806 patients. The study demonstrated a trend toward an improvement in the primary end point of slope of reciprocal creatinine (−0.0713×10 −3 vs. −0.13×10 −3 μmol/l/year, p=0.06). However, this difference was neither statistically nor clinically significant, as were the findings of the secondary analyses. From these recent studies, we would conclude that if stenting has an effect on the progression of ischemic nephropathy, it is likely modest in size. Some have criticized the ASTRAL result for an apparently higher than expected rate of complications and lower than expected success rate; however, it is unclear whether the ASTRAL result better reflects the realities of stenting when compared to single-center publications or whether technical issues were more extensive in this study.
The most recent CORAL trial [1••] , published in 2014, was designed to compare optimal medical therapy alone to stenting with optimal medical therapy, with a primary end point of the occurrence of major cardiovascular or renal events. This was defined as a composite of death from cardiovascular or renal causes, stroke, myocardial infarction, hospitalization for congestive heart failure, progressive renal insufficiency, or the need for permanent renal replacement therapy. In CORAL, 947 patients with ARVD and either hypertension or chronic kidney disease were randomized into two groups: optimal medical therapy (ARB, atorvastatin, and an antiplatelet agent, with or without thiazide or amlodipine) or optimal medical therapy with stenting. There was no significant difference in the occurrence of the primary composite end point or any of its individual components between the stent group and medical therapy-only group and no difference in all-cause mortality. Systolic blood pressure was modestly lower in the stent group than in the medical therapy-only group (−2.3 mmHg; 95 % CI −4.4 to −0.2 mmHg; p=0.03), and the difference persisted throughout the follow-up period.
The CORAL study showed that, when added to a background of high-quality medical therapy, contemporary renal artery stenting provides no incremental benefit for patients with ARVD. From this result, it is clear that optimal medical therapy without stenting is the preferred management strategy for the majority of people with ARVD.
Conclusion
Atherosclerotic renovascular disease is a common problem in older adults that is associated with high rates of adverse cardiovascular and renal events and high mortality. With the result from CORAL, a randomized controlled trial with solid design and execution, it is now clear that the majority of such patients with ARVD are best served with medical therapy alone. The optimal therapy for ARVD according to the evidence available includes lipid-lowering treatment, antiplatelet medication, ACEI/ARB, blood pressure control, diabetes management, and lifestyle modification. With good implementation of optimal medical therapy, mortality and morbidity can be decreased. 
